We demonstrate a waveplate for a pseudo-spin-1/2 Bose-Einstein condensate using a two-photon Raman interaction. The angle of the waveplate is set by the relative phase of the optical fields, and the retardance is controlled by the pulse area. The waveplate allows us to image maps of the Stokes parameters of a BoseEinstein condensate and thereby measure its relative ground state phase. We demonstrate the waveplate by measuring the Stokes parameters of a coreless vortex.
Spinor Bose-Einstein condensates (BECs) have proven to be a useful system for creating analogs of phenomena that appear in other systems. The spinor wavefunction can be engineered with the use of external optical and magnetic fields to produce synthetic gauge fields [1, 2] , vortices [3] , skyrmions [4] [5] [6] , and Dirac monopoles [7] . Along with demonstrating the creation of these analogs, new experimental techniques are needed to characterize these systems and study the evolution of not only the populations of the spin ground states but especially the relative phases of these states.
One possible approach for achieving these goals is through the field of atom optics. Many atom-optical systems have already been realized such as atomic waveguides, lenses, beamsplitters, and atom interferometers (see [8, 9] and references therein). Using BECs as the atomic medium allowed for the exploration of coherent atom optics with atom lasers and nonlinear processes such as four-wave mixing. Extending atom optics to spinor BECs allows us to explore the coherent atomoptics analog of optical polarization and provides an avenue for finding the relative ground state phase for the particular case of a pseudo-spin-1/2 system.
In this Letter, we demonstrate a waveplate for pseudospin-1/2 BEC and use it to measure the ground state phase via the atomic analog of the optical Stokes parameters. In 1936 Beth [10] and Holbourn [11] showed that light with circular polarization carries spin angular momentum, which leads to the realization that circular polarization states are also spin eigenstates [12] . The energy eigenstates of a two-level atom and transverse po-larization of light are both spin-1/2 Bose systems. We make the correspondence that the amplitude of a given atomic spin eigenstate (a i , i ∈ {↑, ↓}) is analogous to the amplitude of one spin eigenstate of the optical electric field. Any general normalized state in the system can be represented geometrically as a point (S 1 , S 2 , S 3 ) on the surface of a sphere of unit radius ( Fig. 1(a) ). When describing polarization, the sphere is called the Poincaré sphere [13] , and for an atomic system, it is termed the Bloch sphere [14] . The points on the sphere representing the spin eigenstates (right-hand and left-hand circular polarization) are antipodal and correspond to the points on the Bloch sphere which represent the spin eigenstates (traditionally the North and South poles). The coordinates S k are called the Stokes parameters and completely describe the spin state up to a global phase. The Stokes parameters of an arbitrary atomic state |ψ = c ↑ | ↑ + e iϕ c ↓ | ↓ (with 0 ≤ c ↑,↓ ∈ R) are expressed as
For an unnormalized state, S 0 = 1, and the other parameters can be normalized by dividing each one by S 0 . It is straightforward to see that Stokes parameters reveal not only the spin state amplitudes but also the relative phase, ϕ.
Here, we demonstrate that a two-photon Raman interaction can be used to extract the Stokes parameters for a pseudo-spin-1/2 BEC. Consider the three-level Lambda system shown in Fig. 1(b) . Two simultaneous plane waves with Rabi frequencies Ω A and Ω B are incident on the atoms. In the rotating frame, the dynamics are described [15, 16] bẏ
The state amplitudes are given by a i with c i = |a i | and ϕ = arg(a ↓ /a ↑ ). The two-and one-photon detunings are ∆ AB and ∆ A , respectively. The Raman process requires that the two-photon detuning be zero (∆ AB = 0). For a large detuning ∆ A , population does not enter the excited state, so we may adiabatically eliminate the excited state thereby making the three-level atom a pseudo-spin-1/2 system [17, 18] . For square optical pulses, the Rabi frequencies are constant over the interaction time and the equations can be integrated directly. With equal Rabi frequencies (|Ω A | = |Ω B |), the Raman interaction can be described via 
The matrix describing the Raman interaction is identical to the Jones matrix for an arbitrary optical waveplate in a circular basis [13] . The retardance is given by the pulse area Ωt, and the waveplate angle, φ/2 = (φ A − φ B )/2, is given by half the relative phase between the Raman beams with Rabi frequencies Ω j = |Ω j |e iφj . A first example of this analogy is the familiar Rabi flopping of a two-level system illuminated by a cw field [14] . For half a Rabi cycle, if population began completely in | ↑ (| ↓ ) it transfered completely to | ↓ (| ↑ ) and Ωt = π. In this case, the retardance of the Raman waveplate is π, and the interaction is analogous to a half-wave plate.
To demonstrate our ability to measure the relative phase of the ground states, we use this technique to create 2D maps of the Stokes parameters of a coreless vortex. In cylindrical coordinates (ρ, ϕ), the wavefunction of an ideal coreless vortex is of the form |ψ(ρ, ϕ) = |c + |v = n(ρ)(| ↑ + ρ |ℓ| exp(iℓϕ)| ↓ ) where n(ρ) is the column density of the cloud and ℓ is an integer describing the vortex winding number. The azimuthally varying phase of the |v = n(ρ)ρ |ℓ| exp(iℓϕ)| ↓ state shows it is a vortex, and the core of the vortex is filled with population in the non-vortex |c = n(ρ)| ↑ state. The relative phase of the two states is simply the azimuthally varying phase ℓϕ which changes from 0 to 2πℓ.
Our method to create a coreless vortex is described in detail in [3] . Briefly, a BEC of 6.5 × 10 2 . A polarizing beamsplitter for atoms. The first two columns of (a) are averages of 2-3 highly similar absorption images of the outputs of the atom polarizing beamsplitter (|a ↑ | 2 , |a ↓ | 2 ) for essentially identical coreless vortices. The first two rows correspond to φ = π/2 and 0 of the Raman waveplate, and the third row is without the waveplate operation. The final column shows the Stokes maps Si i ∈ {1, 2, 3}, which are the differences of the two beamsplitter outputs. The Si are arranged such that the index i corresponds to the row number. (b) shows the corresponding theory when the coreless vortex is created with a radial phase.
To implement the Raman waveplate, two simultaneous 5 µs square pulses detuned ∆ A = 440 MHz below resonance with Gaussian spatial modes couple the | ↑ and | ↓ states through |e . These Gaussian beams with orthogonal circular polarizations are copropagating along the 11 Gauss quantization axis and are derived from the same laser. The pulses are sculpted with acoustooptic modulators which control both ∆ A and ∆ AB . The Gaussian spatial profiles are large with respect to the size of the atomic cloud at the time of the interaction, making them approximately plane waves. The relative phase of the optical beams is adjustable via a controllable optical delay in one beam path after which they share a common optical path. The phase acquired in the optical delay path is locked interferometrically to an accuracy of π/50. The optical power is optimized by transferring half the population of a spin-polarized BEC in the | ↑ state to the | ↓ state. In this configuration Ωt = mπ/2 for an odd integer m, and Eq. 8 is that of a quarter waveplate. Shot-to-shot intensity fluctuations on the order of 5% limit the accuracy of retartance, Ωt, to within π/40. Via the Stern-Gerlach effect, a magnetic field gradient spatially separates the atomic spin states which are then imaged with resonant absorption imaging.
Without the Raman waveplate interaction, the magnetic field gradient acts as an equivalent polarizing beamsplitter that separates the spin eigenstates. Applying this Stern-Gerlach process to a coreless vortex separates the core |c from the vortex |v , giving both S 0 and S 3 , which are the sum and difference of images of the two density distributions, respectively. The waveplate interaction changes the effective measurement basis of the magnetic field gradient. The vortex and core states are superimposed with a relative phase determined by the relative phase of the Raman beams, φ. For φ = 0 (π/2) the Stern-Gerlach beamsplitter measures in the equivalent of the diagonal/anti-diagonal (horizontal/vertical) basis, which enables the measurement of S 2 (S 1 ) by the subtraction of images of the two density distributions.
The results of these measurements appear in Fig. 2(a) . Since the imaging is destructive, a single coreless vortex produces a single Stokes parameter in addition to S 0 . We can reliably create nearly identical coreless vortices to acquire all three Stokes parameters that very accurately represent the Stokes parameters of any one of the coreless vortices prepared. As the relative phase of the Raman beams is varied, the atomic interference pattern rotates because the magnetic field gradient measures in a basis dependent upon φ. The Stokes parameters S 1 and S 2 do not look as simple as one would expect from the ideal form of a coreless vortex given above. The radial intensity gradient of the Laguerre-Gaussian beam adds a radially varying phase due to the AC Stark shift as explained in [19] . In Fig. 2(b) the radial phase has been added to the model to show good agreement with the measured Stokes parameters.
Reversing the handedness of the Laguerre-Gaussian beam also reverses the rotation direction of the atomic interference pattern and therefore the Stokes parameters. The relative ground state phase, ϕ, of the coreless vortex can be found using S 1 and S 2 via ϕ = arctan(S 2 /S 1 ). The phases of the coreless vortices with ℓ = ±1 show the radial component arising from the Laguerre-Gaussian intensity pattern during the coreless vortex creation process (see Fig. 3 ).
In conclusion, we have extended atom optics to study analogs of optical polarization. Atomic spin states in a spinor BEC are the analogs of polarization states of This technique is a useful tool to study atom-optic analogs of optical beams with spatially varying transverse polarizations [20, 21] and to investigate the evolution of matter-wave phases [22, 23] , particularly the evolution of the relative ground state phase when the BEC is prepared in regimes with non-trivial spin interactions. Because atoms can have higher dimensional spin manifolds, there is the potential to study richer phenomena that cannot be created in the transverse polarization of optical beams. Although we have demonstrated this Raman waveplate on a BEC, it can, in principle, be used on any three-level system that can be addressed with optical fields. The Raman waveplate allows any arbitrary superposition of two spin states, thereby having possible applications in quantum computing as quantum gates for a single qubit.
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